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I. INTRODUCTION

The Department of Energy (DOE) has chosen a titanate-based ceramic as the preferred
form for the immobilization of surplus plutonium [COCHRAN]. The baseline
formulation being developed includes a pyrochlore matrix, (Ca,Gd,Pu,U Hf),Ti,O;, the
primary site for plutonium and uranium, and several minor phases such as brannerite,
(Pu,U)Ti,O,, and rutile, (TiHf)O,. This baseline and ten other formulations were
prepared to provide test specimens for characterization and corrosion testing. The
purpose of this report is to document the fabrication and characterization of these
ceramics.

The fabrication procedure initially employed to produce specimens was provided by
Lawrence Livermore National Laboratory (LLNL). During the preparation of the
baseline ceramic, several aspects related to LLNL’s procedure were evaluated. This
report will discuss how these techniques were refined to reproducibly provide ceramics
appropriate for corrosion testing.

The baseline formulation represents a titanate ceramic for which the plutonium feed
stream would be free of any impurity elements. The other formulations were designed
to provide information about potential phase formation due to variations in precursors,
specifically the waste streams in which the surplus plutonium is contained. Nominal
compositions representing the 11 formulations investigated are shown in Table L.






Table 1. Nominal Compositions of Ceramic Formulations (wt%)

A0

A9

Compound B33 B34 B39 B3-11 B3-13 B317 B3-19 B3-21 B0-18
CaO 995 945 924 58 1207 1161 830 792 319 1591 1311
TiO, 35.87 3407 3385 3699 3619 3248 3380 3246 2873 3399 8.10
HfO, 1065 1012 2421 992 1088 9.69 1027 964 851 1022 137
Gd,0, 795 755 660 632 766 850 752 720 636 720 106
U0, 2369 2250 1540 27.96 2083 2135 2231 2144 1878 1957 2.8
PuO, 11.89 1129 957 1298 1236 13.03 1120 1076 943 13.11 244
CeO, - - - - - - 018 014 023 - -
ALO, - 050 113 - - - 072 248 131 - 19.54
B,0, - 017 - - - - 010 018 022 - 5.43
BaO - - - - - - 014 012 044 - -
CaCl, - 0.66 - - - - 067 111 169 - -
Cr,0, - 008 - - - - 005 015 017 - -
Cu,0 - - - - - - 012 - 026 - -
CaF, - 044 - - - - 103 073 536 - -
FeO - 007 - - - - 019 051 064 - 0.20
Ga,0; - 057 - - - - 039 - 112 - 2.56
K0 - 032 - - - - 023 096 083 - 0.65
La,0, . - ; - - - 002 002 018 - -
MgO - 044 - - - - 043 0987 325 - 131
MnO - - - - - - . - 001 - -
MoO, - 028 - - - - 016 018 028 - 0.44
Na,0 . 014 - - - - 023 039 028 - 3.35
NiO - 013 - - - - 009 029 -030 - -
Nd,0, - - - - - - 029 - 128 - -
P,0; - - - - - 33¢ 001 - 014 - 2.68
PbO - - - - . - 052 - 100 - -
Si0, . 046 - - - - 088 214 492 - 35.08




Table 1. Nominal Compositions of Ceramic Formulations (wt%) - continued

Compound | A0 A9 B33 B34 B39 B311 B313 B317 B319 B321 BO-18
SnO, . - - - - ; - 001 - 003 - -
Ta,0s - 019 - - - - 008 022 065 - ;
WO, - 049 - - - - 002 - 02 - -
ZnO - 007 - . - - 006 - 024 - ;
Zr0, - - - - - - - - 0002 - ;




There are several reasons for fabricating this series of ceramics. First, it is
important to understand what phases are generated as the mix of impurities
changes. As the phase assemblage changes, the corrosion behavior of these
ceramics may change. Of paramount concern is the potential change in the
plutonium release rate. These formulations were therefore designed to yield
phases, or as in the case of B0-18, a single-phase material, that may contain
plutonium and subsequently may impact the corrosion behavior of this critical
element. Second, information is needed on how changes in precursor chemistry
impact densification. Uniformly shaped and high bulk density products are
desired in production of these ceramics. Impurities are expected to affect these
characteristics via minor phase formations, not necessarily plutonium-bearing,
or volatilizations that alter the kinetics and reactions involved in densification.

Several techniques were used to analyze the resulting products. Bulk density of
specimens, as determined geometrically, was used to gauge the relative levels of
densification achieved during reactive sintering. Therefore, all specimens
produced were measured and weighed.

Scanning electron microscopy (SEM) in conjunction with energy dispersive
spectroscopy (EDS) was employed to identify the phase assemblage and
distribution in cross sections of sintered pellets. Image analysis was used to
quantify the volume percentages occupied by the various phases. The
SEM/EDS data were supplemented by powder X-ray diffraction (XRD) data to
confirm the presence and structure of major crystalline phases.

Samples of each ceramic have been produced for dissolution and analysis with
inductively coupled plasma/mass spectroscopy (ICP-MS) techniques to
determine their elemental content. Also, He-pycnometry will be used to
determine the true volumes of the resulting monoliths representing the various

formulations. These data are currently being collected and will be documented
in future reports.

II. Fabrication Procedure .

Test specimens were made from powders having the formulations shown in
Table I. The raw materials used are described in Appendix D. These raw
materials were mixed by the following standardized wet-milling technique.
Powders were weighed in proper proportions and added to high-density
polyethylene bottles along with an appropriate amount of deionized water and
yttria-toughened zirconia grinding media (1/4” diameter balls).. The powder-
water slurries were kept relatively dilute. For instance, the ratio of water to total
powder was kept at a minimum of ~2:1 by weight; commonly, a 4:1 ratio was
used. These slurries were rolled for ~16 hours to ensure intimate mixing and
size reduction of any coarse particles.

The well-mixed slurries were poured into a Pyrex dish and then heated to
dryness (typically at 110°C for 16 hours). Once dry, the resulting powder cakes



were pushed through a #20 mesh sieve to form granules suitable for continued
processing.

The dried granules were placed in a platinum vessel and were calcined at 750°C
for 1 hour in either air or flowing argon. The calcined granules were then
uniaxially pressed at ~69 MPa (10,000 psi) to form green, or unfired, pellets. A
Carver Press, Model #3912, and a 1/2” or a 1-1/8"” diameter die set were used to
prepare all of these samples. Green densities were determined geometrically.
The pellets were then placed on platinum setters coated with granules of similar
or identical composition to avoid sticking. Finally, the pressed pellets were
reactively sintered at 1350°C for 4 hours; the heating and cooling rates were
2.5°C/min. A bottom-loading Deltec furnace, Model #DT-31-RS-B, was used for
the sintering process. Most specimens were sintered under an argon purge
(1L/min). Some pellets were sintered in stagnant air for comparison.

III. RESULTS AND DISCUSSION

A number of baseline specimens were initially produced to test various
processing parameters. The processing refinements described below were then
employed in making representative specimens of all formulations. These final
specimens are being fully characterized to provide data necessary for
understanding results from subsequent corrosion tests.

Green densities of pressed pellets showed little variation. All were ~40% of their
- final theoretical density. The granules created after drying, by pushing the dried
cakes through a #20 mesh sieve, provided an appropriate level of flow for
loading into pressing dies. Since these granules were made up of agglomerated
fine powders, it was necessary to limit applied uniaxial loads to ~69 MPa and
pellet height to diameter ratios to ~0.25 to avoid pressing flaws such as lateral
cracking.

A. Mixing

Raw mixing proved to be a critical processing step. Insufficient mixing and
milling resulted in relatively less-reactive powders. Since the desired phases are
formed during densification by reactive sintering mechanisms, it is extremely
important that the materials be in intimate contact [KINGERY]. As mentioned
previously, we adopted a 16-hour milling cycle time to ensure sufficient mixing
and particle size reduction. Powders mixed less aggressively, say, for only one
hour, yielded poorly reacted products; this condition was evident by limited
densification. Analysis by SEM confirmed that the precursors had not reacted
sufficiently. For instance, baseline specimens prepared from powders that were
ball milled only one hour had an average bulk density of 4.9 g/cm’, while those
milled for 16 hours consistently yielded ceramics with average bulk densities
greater than 5.2 g/cm®(sample standard deviation < 0.1 g/cm’). Figure 1
illustrates this difference. The A(-1 baseline specimens were made from
powders milled for only one hour. All other specimens represented in Figure 1
were made from powders milled for 16 hours. .



B. Uranium Purity

Uranium purity also proved critical. The initial two batches of baseline ceramic,
A0-1 and A0-2, were prepared using UO, that contained approximately 0.7 wt%
carbon contamination. The final densities of these two batches were 4.91 and
5.21 g/cm?® (both = 0.10 g/cm®). Three other batches of baseline material were
prepared, labeled A0-3, 4, and 5, that did not contain any detectable carbon in the
UO,. The densities of specimens made from these powder batches averaged 5.56,
5.61,5.48 g/cm’ (all + 0.01 g/cm’). As illustrated in Figure 1, the purer UQO, stock
consistently attained denser final products.
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Figure 1. Average Bulk Densities of Baseline Specimens Containing Carbon

Impurity (A0-1, 2) and without this Impurity (A0-3, 4, 5)

C. Calcination Atmosphere

Processing techniques initially recommended by LLNL called for powders to be
calcined in an inert atmosphere. It was later thought that calcining the powders
in an oxidizing atmosphere, such as air, may actually improve the reactivity of

the relatively refractory uranium oxide by changing its oxidation state from +4 to.

+5. To test this hypothesis specimens were made from two different powders
that used cerium as a chemical surrogate for plutonium. The calcined powders

85000



differed in that two were calcined in air and the others under flowing -argon
(99.999% purity level). Resulting specimens showed no discernable difference in
degree of densification as illustrated in Figure 2. This result supports using air in
the calcination of all subsequent materials. Although air calcination did not seem
to improve densification of these baseline samples, it may be of great benefit for
efficient removal of potential carbon contaminants in non-baseline formulations.

53

52

5.1 4—— T

O Calcined in Air T
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Figure 2. Comparison of Calcination Atmospheres for Specimens Made from
. Two Baseline Formulations That Use Cerium as a Chemical

Surrogate for Plutonium R

D. Sintering Atmosphere

Sintering in air was also investigated. As shown in Figure 3, side-by-side
experiments showed that regardless of overall composition sintering in stagnant
air yielded comparable products in terms of bulk density to those made under an
argon purge. Phase assemblage of the like-specimens represented in Figure 3
also appears unchanged in XRD analysis (see Figures B-3, 4, 5, and 6). This is
encouraging for scaling up the processing techniques. Being able to process in
air greatly simplifies equipment design and control.
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Figure 3. Average Bulk Densities of Specimens Sintered in Argon or Air

E. Mass Sample Fabrication and Characterization

By use of refined processing techniques including a 16-hour raw milling cycle,
calcination in air at 750°C for 1 hour, and sintering in argon-at 1350°C for 4
hours, final specimens of each formulation were prepared. Monolithic corrosion
test specimens were prepared directly from ~0.8 g pellets to eliminate the need
for cutting larger pieces down to size. This greatly reduced our overall waste
volume. These shorter pellets were also easier to press, as discussed above,
avoiding forming flaws that can occur when uniaxially cold pressing fine
powders. :

Final bulk densities were determined using the geometric volume and mass of
each pellet. The average bulk density and sample standard deviation for each
composition are reported in Table 2 and plotted in Figure 4. Also included in
Table 2 is an estimate of the porosity of the samples based upon image analysis
of SEM photomicrographs. For SEM analysis, full cross-sectional samples of
each ceramic composition were mounted. Phases were identified initially by
EDS and, when possible, confirmed by XRD. Both secondary and backscattered



electron images were used to quantify volume percentages occupied by the
various phases. Image analysis was done using a 150-point grid; randomly

sarélpling each image 4 times for each phase identified. The results are shown in
Table 3.

Table 2. Average Bulk Densities and Estimated Porosities of Test Specimens

Formulation Average Bulk Density® Estimated Porosity®
(g/cm’, geometric) (vol%, image analysis)

AQ 5.48 2
(n=49,s5=0.07)

A9 5.56 3
(n=6,5s=0.19)

B3-3 5.29 2
(n=4,s=0.06)

B3-4 5.30 5
(n=4,5=0.10)

B3-9 543 5
(n=4,5=0.04)

.B3-11 5.39 4

(n=4,s5=0.03)

B3-13 5.65 7
(n=4,5=0.08)

B3-17 520 10_
(n=4,5s=0.07) ' )

B3-19 4.42 20
(n=4,s=0.07)

B3-21 5.14 5
(n=4,s=0.06)

All bulk densities were determined from the geometrically determined
volume, where n is equal to the number of samples and s is the sample
standard deviation.

Estimated porosity levels + 2 vol%.
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Table 3. Phase Assemblages of Test Specimens from SEM/EDS/XRD Analyses

Formulation Phases Present® and Estimated Volume Percent Solids
Py Br Zr Ru Ac Pr Si Ph

A0 78 18 L 3 <1 - - -

A9 66 18 7 7 <1 - 1 -

B3-3 41 8 38 12 <1 - - -

B3-4 72 16 5 6 <1 - - -

B3-9 89 - 4 7 - - - -

- B3-11 84 2 - 5 <1 - - 8
B3-13 72 9 3 13 <1 - 2 -
B3-17 54 4 30 8 <1 - 3 -
B3-19 12 - 64 - - - 24 -
B3-21 91 - 3 - - 6 - -

Where Py = pyrochlore, Br = brannerite, Zr = zirconolite, Ru = rutile, Ac =
actinide oxide, Pr = perovskite, Si = silicate, and Ph = phosphate. All
values £ 2 vol%.

b A “-" indicates this phase was not detected by SEM/EDS techniques.

Note: The phase distribution data shown in Table 3 represents an estimation of
various phases that have been identified by SEM/EDS technigties only. For the
major phases, their presence was verified by XRD data. These data do not
preclude the presence of phases not identified by these methods. For instance,
TEM analyses has identified the presence of zirconolite in the baseline
formulation [BAKEL]. Our data for the baseline formulation A0 shown in Table
3 does not include zirconolite since it was not observed during SEM/EDS
analysis.
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1. Reference SEM Images, XRD Patterns, and EDS Spectra

Backscattered electron and secondary electron images were taken at standard
magnifications of 100, 300, 1000, and 3000X. Photomicrographs of each
composition, sintered in argon, taken at magnifications of 300 and 1000X, are
included in Appendix A. Both secondary and backscattered images at 300X were
most useful for quantification of porosity and illustration of its distribution.
Backscattered images at 1000X were used for quantification of solid phases. The
SEM used was a Hitachi S-3000 with a solid-state backscattered electron detector
and a Vantage X-ray microanalysis system.

Two typical XRD patterns representing bulk powder samples from the A0 and
B3-4 formulations are included as Appendix B. Also included in this appendix
are XRD patterns representing B3-13 and B3-17 specimens that were sintered in
argon or air. All of these randomly collected powder'samples were contained in
glass capillaries, which accounts for the amorphous background, or hump, at
lower d-spacings. A Debye-Scherrer X-ray diffraction analyzer (tabletop unit
PW1729) was used with a 4 hour exposure time. We continue to collect XRD
patterns for all of the ceramics produced in this study. These data will be
reported in future reports.

Appendix C contains example EDS spectra of the various phases identified in the
analyses of these ceramics.

2. Baseline Formulation-AQ

As discussed previously, production of high density baseline specimens became
routine after changing to a 16-hour milling cycle and using UQ, free of carbon
contamination. These specimens contain brannerite, rutile, and pores evenly
distributed within a pyrochlore matrix. The minor, actinide oxide phase seen in
these ceramics and in other compositions listed in Table 3-is believed to be a
reaction product rather than non-reacted raw material. There are two reasons for
this conclusion; )

o the phase appears to be a mixture of plutonium and uranium oxide (see

Figure C-8; EDS spectra of actinide oxide phase), and

e the presence of this phase seems to be dependent on the starting material
composition and not on powder processing techniques, since all of the
specimens described in Table 3 were made the same way.

This actinide oxide phase is always located within brannerite grains. There was
no discernible difference in phase assemblage or distribution throughout the
cross-section.

SEM photomicrographs representing these specunens are shown in Appendix A,
Figures A-1, A-2, and A-3.
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3. Impurity Formulations - A9, B3-13, B3-17, and B3-19

These four compositions, A9, B3-13, B3-17, and B3-19 were prepared to evaluate
how different levels of impurities impact the sample morphology. As in the
baseline specimens, all of the secondary phases (brannerite, zirconolite, rutile,
silicate, and pores) are evenly distributed throughout the matrix. The one
exception, again, is the actinide oxide phase, which only appears within
brannerite grains.

All specimens made from these formulations contained notable amounts of a
silicate phase. This phase is believed to be amorphous. Similar phases have been
examined with transmission electron microscopy in which the vitreous state of
the phase was confirmed [BAKEL].

Based upon these samples, only extremely high levels of impurity elements affect
the bulk density. Sample B3-19 contains 27 wt% impurities, which is considered
non-realistic in terms of expected feed material to the immobilization process.
This sample does provide verification of the trend observed between B3-13 and
B3-17 specimens, which contained 8 and 13 wt% impurity compounds,
respectively (see Tables 2 and 3 and Figure 4). The bulk density of B3-19 is much
lower than that of either B3-13 or B3-17. The increasing level of impurity
elements also shifted the phase assemblage towards higher quantities of the
zirconolite and silicate phases. The B3-19 micrographs (Figures A-19 and 20)
show the extreme situation where large zirconolite grains are growing within a
silicate phase; brannerite and actinide oxide phases are not present, and the
pyrochlore content has been greatly reduced (see Table 3).

SEM micrographs of these specimens are shown in Appendix A: Figures A-4, A-
5, and A-6 (A9); A-15 and A-16 (B3-13); A-17 and A-18 (B3-17); A-19 and A-20
(B3-19).

4. Processing and Compositional Extremes - B3-3, B34, B3-9, B3:11, and B3-21

These specimens were produced to study the effects of various plutonium-
bearing secondary phases on consolidation and corrosion behavior. All
specimens prepared from these formulations densified uniformly to > 95% of
their theoretical density (as defined by the estimated porosity values given in
Table 2). As seen in Table 3, all of these formulations resulted in the formation or
increase in the percentage of another plutonium-bearing phase at the expense of
pyrochlore. These phases include zirconolite, brannerite, perovskite, and a
phosphate phase. The exception is B3-9; this formulation led to an almost phase-
pure pyrochlore with some rutile present.

The B3-9 formulation was intended to generate approximately 10 vol%
perovskite. Since this was not successful (see Table 3 and Figures A-11 and A-
12), a new formulation, B3-21, was defined that was based upon microprobe
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analysis data (provided by B. Ebbinghaus of LLNL) and image analysis of
pertinent samples. This formulation did in fact yield significant amounts (~6
vol%) of perovskite within a pyrochlore matrix.

The B3-9 and B3-21 formulations yielded ceramics without brannerite or actinide
oxide phases, even though the plutonium content of both of these formulations
exceeded that contained in most or all other formulations. We believe this
further supports the conclusion that the actinide oxide observed in these
specimens is a reaction product rather than non-reacted precursor.

SEM micrographs of these specimens are shown in Appendix A: Figures A-7 and
A-8 (B3-3); A-9 and A-10 (B3-4); A-11 and A-12 (B3-9); A-13 and A-14 (B3-11); A-
21 and A-22 (B3-21).

5. Glass Phase - BO-18

The B0-18 samples were made to investigate a glass phase composition that was
identified by microprobe analysis of silicon-containing ceramics. Amorphous
monoliths were successfully produced but were susceptible to devitrification if
not cooled sufficiently fast. Plutonium oxide crystals were observed in B0-18
samples that were slow-cooled from their processing temperature.

SEM micrographs of these specimens are shown in Appendix A, Figures A-23
and A-24.

IV. FUTURE WORK

This report effectively completes fabrication and characterization of this series of
formulations. Further work in this area will be defined to meet programmatic
needs and to wrap up ICP-MS, He-pycnometry and XRD data.

During this course of experiments carbon contamination became of interest
because of results from different UO, stocks. A report describing experiments
designed to investigate the effect of carbon in various forms and amounts is
being compiled. This report will become available after the completion of a
supplementary set of experiments that are intended to factor in relative scale of
powder batches, which may greatly influence the overall effect of carbon
contamination.
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Appendix A. Scanning Electron Photomicrographs






LR
TRERAES,

Figure A-1. Secondary Electron Image of AQ Specimen (300X)
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Figure A-2. Backscattered Electron Image of A0 Specimen (300X)
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Figure A-3 Backscattered Electron Image of A0 Specimen (1000X)
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Figure A-4. Secondary Electron Image of A9 Specimen (300X)



Figure A-5. Backscattered Electron Image of A9 Specimen (300X)
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Figure A-6. Backscattered Electron Image of A9 Specimen (1000X)
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Figure A-7. Backscattered Electron Image of B3-3 Specimen (300X)
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Figure A-8. Backscattered Electron Image of B3-3 Specimen (1000X)



Figure A-9. Backscattered Electron Image of B3-4 Specimen (300X)
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Figure A-10. Backscattered Electron Image of B3-4 Specimen (1000X)
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Figure A-11. Backscattered Electron Image of B3-9 Specimen (300X)



Figure A-12. Backscattered Electron Image of B3-9 Specimen (1000X)
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Figure A-14. Backscattered Electron Image of B3-11 Specimen (1000X)



Figure A-15. Backscattered Electron Image of B3-13 Specimen (300X)
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Figure A-16. Backscattered Electron Image of B3-13 Specimen (1000X)



Figure A-17. Backscattered Electron Image of B3-17 Specimen (300X)



Figure A-18. Backscattered Electron Image of B3-17 Specimen (1000X)
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Figure A-19. Backscattered Electron Image of B3-19 Specimen (300X)
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Figure A-20. Backscattered Electron Image of B3-19 Specimen (1000X)
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Figure A-21. Backscattered Electron Image of B3-21 Specimen (300X)
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Figure A-22. Backscattered Electron Image of B3-21 Specimen (1000X)



Figure A-23. Backscattered Electron Image

of B0-18 Specimen after Slow Cooling (500X)
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Select Powder X-RayDiffraction Patterns
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Figure B-1. Powder X-Ray Diffraction Pattern of A0 Sample Sintered in Argon
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Appendix C. Example Energy Dispersive Spectra
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Raw Materials Used in Fabrication of Test Specimens -

861000






Table D-1. Raw Materials Used in Fabrication of Test Specimens

Raw Material Manufacturer Purity Maximum Particle Size (um)
(product/batch#)

TiO, (anatase) Fisher 99.9% <44
(T315-500/C0067924)

HfO, Aldrich 98% <1
(20,211-8/059254Y)

Ca(OH), Fisher 99% <44
(C97-500/976282)

Gd,0, Sigma 99.99% <44
(G0125)

Uo, ANL Stock 99% :
(NA)

PuO, ANL Stock 9% 20
(NA)

CeO, Aldrich 99.9% <5
(21,157-5/05806BQ)

Al(OH), Alfa AESAR 99% <44
(12366/ A26126)

H,BO, Alfa AESAR 99.99 <44
(10659/22417)

BaO General Chemical 98% <44
(1422/13)

CaCl, Alfa AESAR 99.99% <
(10680/22367)

Cr,0y Alfa AESAR 99.99% 2
(10686/22377)

CuO Aldrich 99% <5
(24,174-1/03919JF)

CaF, Alfa AESAR 99.93% <44
(10998 /L20E09)

Fe,O, Alfa AESAR 99.9% <5
(14680/D23G24)

Ga,0, Alfa AESAR 99.99% <44
(10508 /RD920518)

K,CO, Fisher 99.5% <44
(P208-500/974134A)

La,0, GFS Chemicals 99.99% <44
(577 /1.609999)

MgO Alfa AESAR 99.95% <44
(14684 /K06H23)

MnQO, Fisher 99.6% <44
(M108-500/973987)

MoO, Alfa/AESAR 99.99% <44
(36687/120G05)

Na,CO, Alfa AESAR 99.5% 2
(11552/C19H01)

NiO Alfa AESAR 99.99% <44
(10819/22356) -

Nd, O, Alfa AESAR 99.99% <44
(11250/1L10B18)

PO Fisher 99% <44
(A245-500/974720)

PbO ].T. Baker 99.7% <44
(27054)

SiO, Alfa AESAR 99.99% <44
(10856 /22445)

SnO, Aldrich 99% <44
(24,465-1/00614LN)

Ta,O5 Alfa AESAR 99.99% <44
(10881/22228)

WO, Alfa AESAR 99.99% <44
(13398/22154)

ZnO ACROS 99.99 <44
(315790250/A0110700001)

Zr0, ANL Stock P% <44
(NA)

* — milled in-house to < 10 microns
® - high-fired at 1000°C for 2 hours

¢ — slushy raw material, dissolves readily in water
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